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Design of SMPS Buck Converter with Protection
Circuits for Automotive Charger
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Abstract: The automotive manufacturers are working towards
enhancing sophisticated designs and technologies that enable
better vehicle-user connectivity by integrating all the control units
to one infotainment system. This key feature with high-level
intelligence and competency plays an important role with an
increase in demand in the production process of the automotive
industry. This paper proposes a unique design of USB smart
charger module that is designed in a way to fit into limited space in
a front panel of the vehicle. The specific design methodology of
the DC-DC SMPS buck converter with the protection circuits
which serves as the important section of the smart charger is
explained. The module is designed with both single and double
port that are identical to each other. Each of these models provides
effective connectivity of devices in the vehicle network with
secured over-current, over-voltage and short circuit protection
circuitry. The configuration of controllers and connectors used is
implemented in Altium. The functionality of the system designed is
examined and verified in TINA-TI tool.

Keywords: Electromagnetic Compatibility, Switched Mode
Power Supply, Universal Serial Bus.

I. INTRODUCTION

The OEMs in the automotive sector are targeting

towards the development in differentiating the wvehicle
designs with compact and more functionality which is of
greater competitive advantage. With this approach the USB
smart Charger module is designed that supports in acquiring
automotive grade durability and achieves higher throughput
while occupying less space in the front panel of the vehicle.
The smart charger module is designed with both single and
dual ports that are identical and comes with the protection
circuits that serve specific operations with safety concern.
This paper approaches the specified construction of the
DC-DC SMPS buck converter with the protection circuits
which serves as the important section of the smart charger. As
the battery capacity and the charging rate increases more
space is required dispose the heat generated and to improve
the efficiency thus, the method implemented allows to reduce
the board size and to remove the heat from the load [1][2][3].
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In this paper the module is designed for a power input of
9V-16V. The input battery supply may consist of variant
pulses due to different load conditions or charge
management. These sudden high transient voltages could
damage the components along the line of operation
significantly. Thus, the power input is followed by the
bidirectional clamping surge protection circuit to control the
load dump. The system is operated with the switching
frequency of 400Khz.The increase in switching frequency
invites certain limitations such as the performance of the
necessary parts gets restricted, and the efficiency of the
system gets affected by the parasitic losses [6][5]. Hence, the
effective high-capacity EMC = filter is designed to control
these magnetic effects. The undervoltage and overvoltage are
adjusted along with the proper frequency synchronization
and inrush control that develops the power handling
capability of the overall system with automotive durability.
The SMPS buck converter is constructed to provide regulated
output of 5V and the higher current rating along with an
under-voltage protection and the inrush current control that
contributes to achieve higher efficiency. The converter is
followed by the current limiting switch that controls the
overcurrent protection limit with guaranteed output of 2.4A
and 3A to Type A and Type C USB downstream ports
respectively. The modules are designed in both single and
double ports that are identical and provides effective and
reliable connectivity of device in the vehicle network.

Il. DESIGN REQUIREMENTS

The block diagram of the proposed design is shown in
Fig.1. The USB smart charger module employs the input
battery voltage of 9V-16V with the operating temperature
range -40°c to 125°c that supports in achieving automotive
grade durability. The regulated output voltage is step down to
5V using SMPS Buck converter that is required for
application with an output power of 30W and output current

of 6A.

Fig. 1.Block diagram of SMPS Buck Converter with
Protection Circuits — Automotive Charger
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The dynamic performance is estimated by considering
switching frequency of 400kHz with an input and output
voltage ripple of 100mV and 50mV respectively. The output
current from the buck is controlled by the current limit switch
to provide an input current of 2.4A and 3A to the Type A and

Type C USB ports that support in charging and data
transfer. The design requirements are shown in Fig.2

Parameters Values
Input Voltage, V_IN 9V - 16V
Nominal V_IN 12v
Output Voltage, V_OUT 5V
Output Current BA
Switching Frequency 400kHz
Power 30 Watts
Temperature -40°c to 125°
Input Voltage ripple 100mV
Output Voltage ripple 50mV

Fig. 2.Design requirements for the system

I11. DESIGN METHODOLOGY

In this section the proposed design implementation of the
automotive charger is structured as per the requirements. The
first sub-section explains about automotive transient’s
protection, followed by designing EMC = filter for the
appropriate switching frequency considered, reverse polarity
protection, SMPS buck converter design and USB Type A
and Type C controller and connector implementations are
explained in further sub-sections.

A. Automotive Surge Protection

The surge protector is used to protect the device from the
sudden voltage transients that can damage the devices in the
circuit. The principle of the surge protection is to limit the
voltage across the devices by either grounding or blocking
the transients above the threshold [15]. The module is
designed according to the EMC standards for automotive
compliance [16] against pulses ISO 7376-2 that are caused
due to electrical disturbance from coupling and conduction.
This includes Pulse 1- due to disconnection of the supply
from the inductive load, Pulse 2a — due to inductive kick of
wiring harness, Pulse 3a and 3b — due to switching process
and Pulse 5b — due to load dump and ISO 16750-2 for
environmental conditions and testing for electrical and
electronic equipment as shown in Fig.3. The Surge protector
device is connected parallel to the circuit as shown in the
Fig.4. Under normal operation the diode acts as an open
circuit by presenting high impedance path to the protected
circuit model. When the voltage exceeds the threshold, the
TVS diode acts as a closed circuit with a low impedance path
by diverting the transient current to the ground and limits the
voltage across the protected circuit by clamping it to the TVS
diode voltage
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Fig. 3.EMC standard 1SO 7376-2 and 1SO 16750-2 pulses

B. Design of EMC II Filter

The EMC (Electro-magnetic Compatibility) control
includes the suppression of the noise generation and the self-
prevention of incoming noise quantities. The demand for the
higher performance of the applications with increase in
frequency results in electromagnetic interferences [11][12].
The differential mode noises generated, flows along the
signal power and current but with different inward and
outward directions that can be suppressed with the help of ©
filter [13] in which the inductors are connected in series and
the capacitors are connected in parallel between the
conducting lines. This helps in filtering the noise coming
from the input of the DC-DC converter.

Levels (dBuV]
Closs 1 Closs 2 Closs 3 Toss 4 Closs 5

3 3 X 3 X

w 015-03 110 100 50 ) 70

MW 053-18 3 78 70 62 & 52
W 59-62 77 71 s G 2 5 53
M 76-108 5] 3 56 50 a 3%
Waona1 a1-8s 58 52 3 ] 34
@ %-28 ] 3] 56 50
VHF 30-58 68 5] a 56 . 50

VHF 68-87 62 3 56 50 a 3%

Levels (dBuV)
Service Frequency Class 1 Closs 2 Class 3 Coss 4 Class 5

w 015-03 50 80 70 &0

M 76-108 [ 36 30 24 18

VHF 68-87 7 3 0 24

Fig. 4.CISPR 25 limits
Fig. 5.

Let us consider the estimated efficiency to be 96%, thus the

duty cycle as per the requirement will be,

Duty Cycle (D) = w = 0.533 €)
(min)
Corner Frequency, f;
. 400kH

The differential mode filtering inductor, L can be within
range 1pH - 10pH with maximum current carrying capacity.
The inductor of value 4.7 pH is selected. The switching
The

frequency of 400khz is considered.
capacitor, Cr can be estimated as following.

filtering
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The maximum value between (3) and (4) should be
considered as filtering capacitor. Therefore, Cf = C(fb) =

3.7uF
where,

fs = Switching Frequency

C(in) = Input Capacitor

L, = Differential mode Inductor

|ATT| 45 = Attenuation of the filter design and based of

requirements

Vinax =maximum noise level disturbances as per CISPR 25

class- 5

The electrolytic damping capacitor and the ESR should be,
Cq > 150 pF

Lg

ESR =
(6)

=0.35Q

in

The ripple current is to be 30% of maximum output
current. The 4.32mV conducted emissions of the module for
400kHz of switching frequency is estimated to be 72.7dBV.
According to CISPR 25 class 5, the specifications for
conducted emissions are not specified for 400kHz instead,
they are specified for 530kHZ (i.e., 54dBuV). Hence the
module needs to attenuate at least of 18.7dB. The
construction of = filter module is depicted in Fig.5.

Protecton)

Fig. 6.Construction of Surge Protection and EMC II Filter
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Fig. 7.Bode plot - EMC II Filter
Fig. 8.

Fig. 9.0utput noise Vs Frequency plot

C. Reverse Polarity Protection

The switching regulators are not protected against
reverse polarity which might cause a failure in the system
operation [9]. Hence the converters must be protected from
the swapping of the input terminals / change in polarity [7]
[14]. This is implemented as shown in Fig.8 using
Automotive grade qualified hide side protection controller. It
controls the inrush current, supports programmable
Under-voltage lockout conditions and adjustable overvoltage
protection with automatic restart after the shutdown
condition. The different operational of the protection circuit
is shown in Fig.9, Fig.10 and Fig.11.

Reverse Polarity

{ —
i
< P : }_“ : 3
LP* |
< & > - IV\EFH—J_

B

Fig. 10. Construction of Reverse Polarity Protection

Case 1. When positive voltage of 12V is applied
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Fig. 11. Simulatedm:)utput - Case |

Case 2. When negative voltage of -12V is applied
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Fig. 12. Simulated ma”utput - Case Il

Case 3. When over voltage of 17V is applied
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Fig. 13. Simulated output - Case 111
D. Design of SMPS Buck Converter

The switching regulators are used to generate high
power efficiency conversion to control a well-regulated
supply voltage to the systems [8]. The switching regulators
are designed with the help of the transistors that acts as a
switch by being completely turned ON of OFF. The
synchronous buck converter rectification scheme is designed
to reduce the voltage drop and to attain the better
performance of the circuit by using MOSFET that has very
low Rds—ON resistance and the implementation of the same
is shown in Fig.12.

Undervoltage lockout (UVLO) pin is designed using
voltage divider resistors Ryyq and Ryy, to disable the
functions below the input start -up voltage,
Ryy1and Ryy- are considered to be
16kQ and 100k respectively.

The inductor value is determined by setting the output
ripple current to be 30% of output current whose value is 6A,
output voltage and maximum input voltage.

L, = Vout x (1 __Vout

)= 4.7uH
Ipp(max)*fsw Vin(max)
(7
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To emulate the positive slope of the inductor. The Crgpy, iS
set to 820pF. Rgqmp is calculate as shown. The current
amplification gain, A, is taken as 10.

Lo
KXCRamp XRsXAs

RRamp = (8)
Feedback resistors, Rg;; and R, are designed to set the

output voltage level.

beZ — @ _ (9)
be1 0.8V

The compensation pin is connected to R¢omp, Coomp and
Cyy 1o achieve stable output voltage gain and to maintain the
phase characteristics.

Buck Comverter

Fig. 14. Construction Of Smps Buck Converter
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Fig. 15. Simulated output - SMPS Buck Converter

E. USB Type-A and Type-C Controllers and Connectors

The USB plug and play peripheral interface maintains a
universal standard to manage the power requirements that
ensures host, and the client devices are operated together. The
USB has a power capability to charge the batteries of the
portable devices attached that optimizes the user experience.
These portable devices need a method to determine the
amount of power to be drawn by the USB ports to support
charging and its normal operation [4][10]. The scheme was
introduced in the USB Battery Charging Specification
Revision 1.2, released in the year 2010. It is also called as BC
1.2, established as the critical standard to charge the battery
from a port.
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The standard BC 1.2 mechanisms is expected to operate
in the presence of D+ and D- data lines within the USB cable.
Otherwise, the devices are limited to draw maximum current
of 100mA. The Proposed module is designed for a DCP
charging profile port and the USB Type A and Type C are
chosen according to the BC 1.2 Standard. The output current
from the buck is controlled by the current limit switch to
provide an input current of 2.4A and 3A to the Type A and
Type C USB ports that supports charging.

1) USB Type A Controller and Connector Implementation

The Type A USB controller supports the automatic
detection of DCP profile and selects D+ and D- lines settings
accordingly to support fast charging. It is integrated with the
programmable current limits across the port when the
adjacent ports are experiencing heavy loads. Current Limit
Settings, ILIM_HI and ILIM_LO are configured through
external independent resistors namely Ry gy and
R(111m 10y t0 approximate the maximum and minimum values
of the current to milliamperes for design purposes. A single
port 1/0 receptable shielded Type A connector is used. The
implementation of the same is shown in Fig.14 and Fig.15

50409 (V)

I(OS_min)(mA) = m - 35 =2150
(10)
_ 57813 (V) _
I(OS_max)(mA) = R 007 (k) + 41 = 2973
(11)
i _L
I e

B

Fig. 16. Construction of USB Type — A Controller in

ALTIUM
XS2
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A D=
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Fig. 17. Construction of USB Type — A Connector in
ALTIUM

2) USB Type C Controller and Connector Implementation

The Type C is a downstream facing port controller
monitors the configuration channel lines to detect the
connected devices through power switch. The current
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capability Vgys is communicated with the upstream facing
ports through configuration channel lines and identifies the
audio accessories attached to it. The power management
resources are optimized across multi ports. It has wide range
of applications over automotive charging and infotainment
systems. The device supports BC 1.2 critical charging
standard through the connections made across D+ and D-
data lines. The low capacitance ESD protection array is
connected to the controller to protect sensitive components
connected across the interface lines. The device holds the pair
of diodes across each channel thus, protecting the internal
circuitry from + 15kV ESD pulses by providing the safe
discharge path to dissipate the energy associated with the
ESD strikes. This results in the proper functionality of the
core circuitry of the system board designed. The single port
I/0 receptable shielded type connector is used and the
implementation of the same is shown in Fig.16 and Fig.17.
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Fig. 18. Construction of USB Type — C Controller in
ALTIUM

n
o VBLS Iy

D

=]

Fig. 19. Construction of USB Type — C Connector in
ALTIUM

IV. RESULT AND DISCUSSION

e  The surge protection configuration shown in the Fig.5
is designed to withstand the EMC standard
automotive transients that are due to the electrical
disturbances and environmental testing conditions.
The wide range frequency range of voltage ripples
gets generated due to the switching process in addition
with the switching frequecy taken into consideration
for the design. This noise gets coupled further with the
remaining protected circuits. Hence EMC = filter is
designed to smooth down the voltage perturbations
and to attain an attenuation of 18.7dB.
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The larger values of capacitors used, reduces the
corner frequency, and increases the attenuation as
shown in Fig.6. The attenuation is observed to be
60dB across 400kHz, switching frequency.

The output noise is also observed to be in Pico range
of voltages as shown in Fig.7.

The switching regulators are not protected against
reverse polarity which might cause a failure in the
system operation. The reverse polarity protection
circuit can be analyzed in three cases as shown in
Fig.9, Fig.10 and Fig.11. Firstly, when the positive
nominal voltage of 12V is applied across the
protection circuit the output voltage will be without
any distortion. In case 2, when a negative voltage is
applied, the output is observed to be zero by
protecting the module from the reverse polarity
condition. The protector circuit is also designed for
the overvoltage condition that is the output is expected
to be zero when applied voltage is beyond the
maximum power supply voltage required for the
design.

The synchronous buck converter allows frequency
synchronization, undervoltage, thermal shutdown and
slope compensation. The voltage below the minimum
requirement is discarded as per the design. As shown
in Fig.13 the output voltage is bucked down to 5V and
the peak value of the inductor current is taken as 30%
of output current of the regulator. The output current
is observed to be 6A, which will be divided within the
USB Type A and Type C controllers according to the
design.

The controllers are supported by the ESD protection.
The configurations of USB Type A and Type C
controllers and connectors are implemented in
ALTIUM.

V. CONCLUSION

This paper approaches the USB smart Charger module
design that supports in acquiring automotive grade durability
and in achieving higher throughput while occupying less
space in the front panel of the vehicle. The design
consideration and the method of implementation of the
DC-DC switch mode regulated power supply with protection
circuits that serves specific operations with the safety
concern was discussed. The components used in the design
are all AEC-Q qualified and guarantees reliability. The
Output was observed as per our design requirements that
passes all the protection circuitry designed and leads to be 5V
and 6A. The output current from the converter is limited to
2.4A and 3A to USB Type A and Type C respectively. The
total efficiency is observed to be 95.6% as shown in Fig.18
This is almost equal to the estimated efficiency of 96%. The
higher value of attenuation is achieved for the designed
switching frequency. The functionality of the system is
observed in TINA-TI simulator.

=222 — 95.6%
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