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About this document

Scope and purpose

The Embedded Power ICs integrate on a single-die a 32-bit microcontroller, non-volatile flash memory, analog
and mixed signal peripherals, communication interfaces along with the driving stages needed for either relay,
half-bridge or full-bridge DC and BLDC motor applications. The Embedded Power is an industry standard
microcontroller processor (32-bit Arm® Cortex®-M core) in leading edge automotive qualified technology
(130 nm Smart Power process).

The TLE987x/6x family addresses a wide range of smart 3-phase (TLE987x) and 2-phase (TLE986x) brushless
DC motor control applications, like engine cooling fans, auxiliary pumps and fans, sunroof, window lift.

This Application Note provides the reader with detailed descriptions about hardware design guidelines for the
external components, using the TLE987x/6x devices.

Intended audience

This Application Note is addressed to embedded hardware and software developers, who are going to use the
TLE987x/6x devices to design ECU (Electronic Control Unit) for BLDC/PMSM motor control applications.

* Arm and Cortex are registered trademarks of Arm Limited, UK
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1 TLE987x/6x family

The TLE987x/6x is a single-chip 3-phase/2-phase motor driver that integrates the industry standard
Arm® Cortex®-M3 core, enabling the implementation of advanced motor control algorithms such as field-
oriented control.

Itincludes six (TLE987x) or four (TLE986x) fully integrated NFET drivers optimized to drive a 3-phase or 2-phase
motor via external power NFETSs, a charge pump enabling low-voltage operation, and programmable current
along with current slope control for optimized EMC behavior. Its peripheral set includes a current sense
amplifier, a successive approximation ADC optionally synchronized with the Capture and Compare Unit for
PWM control, and 16-bit timers. A LIN transceiver to enable communication with the device and several
general-purpose I/O units are also integrated. Itincludes an on-chip linear voltage regulator to supply external
loads.

In addition to other products of the TLE987x product family, TLE9879-2QXA40 incorporates two 14-bit Sigma-
Delta ADCs, which provide a reliable interface for an external GMR/TMR sensor.

1.1 TLE987x/6x block diagram

Figure 1 shows the block diagram of the TLE987x. The TLE986x differs from the TLE987x since it integrates two
bridge drivers, instead of three.

KL30
Ty
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© JMS, ARM® Polarity
2] Cortex™-M3
8 |<SUD, DMA FLASH || SRAM [ | ROM ver
VS System Timer Motor Control VDH/VSD
VDDP— Internal i i <
VDDC—] Dlaigc():stm | SYSTICK || T2/T21 | CAPCOM6 86 Bridge
VDDEXT] External ~
< YDDEXT 3 Bit | 2x WDT || T3 | 3~ Bridge Driver GHx . ‘{@
PLL Fail Safe GPT12 H
[ o2 | st |
Charge N-FET
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o it —
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Figurel Blockdiagram of the TLE987x

In the variants with the Sigma-Delta ADCs, the XTAL1 and XTAL2 pins for the external oscillator are not
available.
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1.2 TLE987x/6x family comparison

Table 1 and Table 2 list the variants available in the TLE987x/6x product family. The versions with the Sigma-
Delta ADCs are named using the scheme TLE987x-2Qx.

Table1 TLE987x product family variants
Product Package |[Flash RAM Max. operating Interfaces T; max
frequency
TLE9871QXA20 VQFN-48 36 kByte 3kByte |24 MHz PWM 150°C
TLE9873QXW40 VQFN-48 48 kByte 3 kByte |40 MHz PWM + LIN 175°C
TLES877QXA20 VQFN-48 64 kByte 6 kByte |24 MHz PWM + LIN 150°C
TLES877QXA40 VQFN-48 64 kByte 6 kByte |40 MHz PWM + LIN 150°C
TLE9877QXW40 VQFN-48 |64 kByte 6 kByte |40 MHz PWM + LIN 175°C
TLE9877QTW40 TQFP-48 |64 kByte 6 kByte |40 MHz PWM + LIN 175°C
TLE9879QXA20 VQFN-48 |128 kByte |6kByte |24 MHz PWM + LIN 150°C
TLE9879-2QXA40 VQFN-48 128 kByte 6 kByte |40 MHz PWM + LIN 150°C
TLE9879QXA40 VQFN-48 128 kByte 6 kByte |40 MHz PWM + LIN 150°C
TLE9879QXW40 VQFN-48 128 kByte 6 kByte |40 MHz PWM + LIN 175°C
TLE9879QTW40 TQFP-48 128 kByte 6 kByte |40 MHz PWM + LIN 175°C
TLE9872-2QXA40 VQFN-48 256 kByte 8 kByte |40 MHz PWM + LIN 150°C
TLE9872QXA40 VQFN-48 256 kByte 8 kByte |40 MHz PWM + LIN 150°C
TLES872QTW40 TQFP-48 256 kByte 8 kByte |40 MHz PWM + LIN 175°C
Table 2 TLE986x product family variants
Product Package |[Flash RAM Max. operating Interfaces T; max
frequency
TLE9861QXA20 VQFN-48 36 kByte 3 kByte |24 MHz PWM 150°C
TLE9867QXA40 VQFN-48 64 kByte 6 kByte |40 MHz PWM + LIN 150°C
TLE9867QXA20 VQFN-48 64 kByte 6 kByte |24 MHz PWM + LIN 150°C
TLE9867QXW20 VQFN-48 |64 kByte 6 kByte |24 MHz PWM + LIN 175°C
TLE9868QXB20 VQFN-48 |128 kByte |4 kByte |20MHz PWM + LIN 150°C
TLE9869QXA20 VQFN-48 |128 kByte |6kByte |24 MHz PWM + LIN 150°C
TLE9862QXA40 VQFN-48 |256 kByte |8 kByte |40MHz PWM + LIN 150°C
Application Note 5 Rev. 1.0
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1.3 Application information

Figure 2 and Figure 3 show the TLE987x in an electric-drive application setup controlling a BLDC motor. This
is a very simplified example of an application circuit and bill of materials. The function must be verified in the
actual application. The TLE986x differs from the TLE987x since it has two bridge drivers, instead of three.
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Figure2  Application schematic example for TLE987x
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Figure3  Application schematic example for TLE987x-2QX
Table 3 External components (BOM)
Symbol Function Component (typical)
Cys1 Filter capacitor at VS pin (TLE987x supply) =100 nF
Cysy Bulk capacitor at VS pin (TLE987x supply) >2.2uF
Cvoop Output capacitor at VDDP pin (voltage regulator) 470 nF +100 nF
Cypp_exT Output capacitor at VDD_EXT pin (voltage regulator) 100 nF
Cyppe Output capacitor at VDDC pin (voltage regulator) 470 nF + 100 nF
CyaRer Filter capacitor at VAREF pin (analog reference) 100 nF
Cun Filter capacitor at LIN pin 220 pF
Cysp Filter capacitor at VSD pin (charge pump supply) 1uF
Cepsi Charge pump capacitor (first stage flying capacitor) 220 nF
Cepsy Charge pump capacitor (second stage flying capacitor) 220 nF
Cycp Charge pump capacitor (output bulk capacitor) 470 nF
Cyvion Filter capacitor at MON pin (high-voltage monitor input) 10 nF
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Table 3 External components (BOM)
Symbol Function Component (typical)
Cyon Filter capacitor at VDH pin (drain high-side MOSFET driver) 3.3nF
Con1 Filter capacitor at drain high-side FET (phase U) 220 uF
Con Filter capacitor at drain high-side FET (phase V) 220 uF
Cens Filter capacitor at drain high-side FET (phase W) 220 uF
CopariLT Filter capacitor at OP1 and OP2 pins (CSA inputs) application related
Cemepy Filter capacitor at SH1 pin (source high-side FET 1) 1nF
Cemcra Filter capacitor at SH2 pin (source high-Side FET 2) 1nF
Cemcrs Filter capacitor at SH3 pin (source high-side FET 3) 1nF

Cority Corima

Filter capacitors of the input T filter

application related

Reverse-polarity protection diode

application related

Lopit Filter inductor of the input mt filter application related
Ruon Filter resistor at MON pin 3.9kQ

Rysp Filter resistor at VSD pin 20

Ruon Filter resistor at VDH pin 1kQ

Reate FET Gate resistor 2Q

RopariLt Filter resistor at OP1 and OP2 pins (CSA inputs) application related
Rshunt Shunt resistor application related
Rss FET gate-source resistor application related
Ces FET gate-source resistor application related
Ruboru Pull-up resistor for Hall sensor application related
Rapc Filter resistor at ADC1 input application related
Capc Filter capacitor at ADC1 input application related
Riws Pull-down resistor at TMS pin (test mode select) optional

Rsin_p/ Rsin_n Filter resistors at ADC3 input pins (Sigma-Delta version) 10 kQ

Reos_p/ Reos. n Filter resistors at ADC4 input pins (Sigma-Delta version) 10 kQ

Csinp/ Csin n Filter capacitors at ADC3 input pins (Sigma-Delta version) 68 nF

Ceos_p/ Ccos_n Filter capacitors at ADC4 input pins (Sigma-Delta version) 68 nF

Cyomr Filter capacitor at GPIO input pin (GMR bridge voltage) 4.7 nF
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2 Power Supply Generation Unit (PGU)

The Power Management Unit (PMU) generates all required voltage supplies for the embedded MCU (VDDC,
VDDP) as well as for the external supply (VDDEXT).

2.1 Block diagram

Figure 4 shows the structure of the PMU, where the Power Supply Generation Unit (PGU) includes the voltage
regulators for the pad supply (VDDP), the core supply (VDDC) and in cascade the voltage regulator to supply
external circuits (VDDEXT).

VS
[f
I
VPRE
Power-down supply V?E)/P VD?E/XT [j VDDEXT
> Cvppext
——l_GND (pin 39)
Fy__ VDDP
N L
Cvoor —-l—
GND (pin 39)
PMU-PCU \Q%D\? @
| ’ Cvooc
" Lo (pin 39)
Power supply generation (PSG)
PMU

Figure4 PMU block diagram including the PGU (called PSG in the figure)

The submodules of the PMU are:

+ Power-down supply: independent analog supply voltage generation for the Power Control Unit logic, for
the VDDP regulator, and for the VDDC regulator.

« VPRE: analog supply voltage preregulator. This regulator reduces the power dissipation for the following
regulator stages.

« VDDP: 5-V digital voltage regulator for internal modules and all GPIOs.
« VDDC: 1.5-V digital voltage regulator for internal microcontroller modules and core logic.
+ VDDEXT: 5-V digital voltage regulator for external circuits.

+ PMU-PCU: Power Control Unit responsible supervising and controlling the 5-V regulator and the 1.5-V
regulator.

Application Note 9 Rev. 1.0
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2.2 Input voltage VS, preregulator VPRE and reference voltage VAREF

TheVSinputisthe supply voltage of the VPRE preregulator and the power-down supply. VSis derived from the
battery voltage (VBAT) and, if necessary, it must be protected against reverse battery connections using a
diode (Dys) in series to VBAT. The Infineon Application Note “Reverse Polarity Protection for Embedded
Power ICs” provides a detailed description of the complete circuit for reverse battery protection.

The C,; and Cy, capacitors, placed before the VS pin, respectively act as a filter and a bulk capacitor for the
TLE987x/6x power supply.

CVDDPZI ICVDDP1

VDDP

Figure5 Components before the VS pin

If data should be saved in the flash memory at power down, the selection of C,, should be done in order to
ensure that operations, modifying the content of the flash are never interrupted (for example, in case of power
loss). Assuming that at power loss detection all the peripherals are disabled, power is still consumed by the
MCU and flash erase or write operations. The size of C,¢, can be calculated using the equation:

(2.1)

I[xt
Cvszzﬁ

where:
« listhe current consumption at power down
« tisthe time for which the MCU should stay active after power down

+ AVisthe difference between the voltage at the time when the loss of power is detected and the reset
voltage of the MCU

As reported in the TLE987x/6x product datasheets, the supply voltage in Active mode with reduced
functionality (full MCU and flash operation) has a minimum value of 3 V. For example, assuming 10 mA as the
current consumption during power down, 20 ms as the time needed to save the flash content, and 3V as 4V,
then C,s, must be at least 67 pF.

Table 4 shows the recommended components to connect before the VS pin.

Application Note 10 Rev. 1.0
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Table 4 Component selection for the VS pin

Symbol | Function Recommended component
Dys Diode for reverse battery PN or Schottky diode

protection Voltage and current ratings defined according to the application
Cys1 Filter capacitor Ceramic capacitor

Min. value 100 nF
Voltage rating and dielectric type defined according to the
application

Cyso Bulk capacitor Electrolytic capacitor

Min. value 2.2 pF

Value, voltage rating, and temperature defined according to the
application

The voltage preregulator VPRE generates an internal voltage of about 7 V from the VS input. The output
voltage of VPRE is used as input for the internal voltage regulators, and it is not accessible externally.

The Ipge current is shared between the VDDP and VDDEXT voltage regulators. The table summarizes the
maximum currents allowed for each voltage regulator.

Linear regulator Maximum current
VPRE Ipge = 110 MA

Iore = lpop * lppext
VDDP Ipop= 90 MA

|ppext =20 MA
VDDEXT Iopext =40 mA

Ippp = 70 MA
VDDC Ippe = 40 MA

The voltage VAREF is derived from VPRE and it can be used as 5 V reference voltage for the internal AD
converters. The value of the capacitor C s is in the range of 100 nF up to 1 pF.

Application Note 11 Rev. 1.0
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2.3 VDDP: voltage regulator 5.0 V

This module represents the 5V voltage regulator, which provides the pad supply for the parallel port pins and
other 5-V analog functions (for example, the LIN transceiver).

Notes

1. The output capacitor C pppis necessary for the stability of the output voltage.

The values of the C,,pp capacitors are specified in the table below.

One single ceramic capacitor can be used, as long as the value is within the recommended range.
The C,ppp capacitor should be placed as close as possible to the VDDP pin in the layout.

For EMC reasons, a ferrite bead can be placed between the VDDP pin and the C,,,p capacitor.

ok~ Wb

Table 5 Capacitor selection for VDDP

Symbol | Function Recommended component

Cyopp Output capacitor at VDDP Ceramic capacitor

Min. value: 470 nF + 1 pF (1.47 uF)

Max. value: 2.2 uF + 2.2 pF (4.4 pF)

Voltage rating: 10 V or higher

Size and dielectric type defined according to the application

2.4 VDDC: voltage regulator 1.5V

The 1.5-V voltage regulator provides the power supply for the microcontroller core, the digital peripherals,
and other internal analog 1.5-V functions (for example, ADC2) of the chip.

Notes

The output capacitor C . is necessary for the stability of the output voltage.

The values of the C pp capacitors are specified in the table below.

One single ceramic capacitor can be used, as long as the value is within the recommended range.

The Cppc capacitor should be placed as close as possible to the VDDC pin in the layout.

Itis NOT possible to place a ferrite bead between the VDDC pin and the C, - capacitor.

For EMI reasons the ground of the VDDC and the ground of the TLE987x can be separated by placing a ferrite
bead between the two ground points.

S 0k WK

Table6 Capacitor selection for VDDC

Symbol |Function Recommended component

Cyvboc Output capacitor at VDDC Ceramic capacitor

Min. value: 100 nF + 330 nF (430 nF)

Max. value: 1 pF + 1 uF (2 uF)

Voltage rating: 4V or higher

Size and dielectric type defined according to the application
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2.5 VDDEXT: voltage regulator 5.0 V

The 5-Vvoltage regulator supplies power to external circuits. It can be used, for example, to supply an external
sensor, LEDs, or potentiometers. VDDEXT can be used as the reference for the SDADC (ADC3/4), if available in
the product variant.

Notes

The output capacitor C ppey7 is necessary for the stability of the output voltage.

The values of the C ppeyr capacitors are specified in the table below.

One single ceramic capacitor can be used, as long as the value is within the recommended limits.

The Cppexr capacitor should be placed as close as possible to the VDDC pin in the layout.

In case VDDEXT is not used and disabled, the output capacitor Cppeyr is not needed. The pin VDDEXT can be
left open.

SN

Table7 Capacitor selection for VDDEXT

Symbol |Function Recommended component

Cuopexy | Output capacitor at VDDEXT | Ceramic capacitor

Min. value: 100 nF + 1 pF (1.1 pF)

Max. value: 2.2 uF + 2.2 pF (4.4 pF)

Voltage rating: 10 V or higher

Dielectric type: defined according to the application
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3 Clock Generation Unit (CGU)

The Clock Generation Unit (CGU) enables flexible clock generation. The frequency can be modified to optimize
the ratio of performance to power-consumption. The system clock fs,s can be generated from one of the
following sources:

+ Phase-locked loop (PLL) output 5

+ External clock from external crystal oscillator fqc
+ External clock from external clock input foqc

+ Low-precision clock f ¢«

3.1 Block diagram

The CGU consists of a high-precision oscillator circuit (OSC_HP), a PLL module with an internal oscillator
(OSC_PLL), and a configurable Clock Control Unit (CCU). The CGU can convert a low-frequency input or
external clock signal to a high-frequency internal clock.

CGU
OSC_CON PLLCON

CMCON?1 | | SYSCONO
A A
Y v
XTAL1
PLL
OSC_HP > feu >
XTAL2
Int
Osc
fosc int | CCU » fsvs
fie cik |

LP_CLK

PMU

Figure6 CGU block diagram

The submodules of the CGU are:

« High-precision oscillator circuit: designed to work with either an external crystal oscillator or an external
stable clock source, it consists of an inverting amplifier with XTAL1 as the input and XTAL2 as the output.

+ PLL module: this module generates the clock fp,, in different modes:
- Prescaler mode (VCO Bypass mode)
- Normal mode
- Freerunning mode
The reference frequency f can be selected to be taken either from the internal oscillator f,; or from an

Application Note 14 Rev. 1.0
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external clock source fosc -
The PLL uses up to three dividers to manipulate the reference frequency in a configurable way. Each of the
three dividers can be bypassed corresponding to the PLL operating mode.

+ CCU: The Clock Control Unit enables the selection of the source for fgys.

3.2 External Input Clock mode

The External Input Clock mode is used to directly supply the device with an externally generated clock signal
in the range from 4 MHz to 16 MHz. In this mode, the high-precision oscillator circuit is bypassed and the
external clock signal is fed directly into the PLL module. The input frequency has to be 4 MHz or higher, if the
prescaler mode is used.

The external clock input has to be connected to XTALL, while XTAL2 is left open (not connected). The negative
terminal of the external clock input has to be connected to the analog GND (pin 39).

External digital VDDP
oscillator
OSC_HP
XTAL1
fxTALLO [j } I P fosc_int
HYS =100 mV

Not XTAL2 [j

connected

Figure7  External Input Clock mode
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3.3 External Crystal mode

The External Crystal mode is used to supply the device with an external crystal in the range from 4 MHz to
16 MHz. An external oscillator circuitry has to be placed, consisting of two load capacitors connected to
XTAL1/GND and XATL2/GND and an optional series damping resistor at XTAL2. The GND pin is in this case the
analog GND (pin 39).

External crystal VDDP
or resonator

OSC_HP
XTAL1
[j —»fosc_int

XTAL2

RxtaL2

Cxraut Cxrai
L GND=p|n 39=Vss

Figure8 External Crystal mode

The values and the corresponding operating ranges depend on the chosen crystal and have to be determined
and optimized in correlation with the crystal vendor, using the negative resistance method, which is the most
common test for start-up and reliability of the oscillator. This method is about the insertion of a test resistor
in series with the quartz crystal and the monitoring of the drive current. Typically, this test does not result in
one set of circuitry values which is the ‘right one’, but itindicates a recommended range. Depending on further
system requirements such as XTAL1 amplitude specification or oscillator frequency, the final circuitry values
of the oscillator are then selected.

More information about the test method can be found in the Infineon Application Note “Crystal Oscillator
Basics AP56002”.

Symbol Function Recommended component
CyraLs Load capacitors for external crystal oscillator |10V ceramic capacitor X7R/X8R
CyraLz forming an LC tank circuit which determines | (low ESR, 0805 package)

the oscillator frequency

RytaL2 Serial damping resistor 0-280Q

The oscillator can operate for a specified set of crystals with known ESR and parasitic capacitances C,; and Cq
up to a specific value.

Choosing different crystals requires detailed consideration of parasitics, external circuitry, frequency range,
and quality of the intended crystal. Its proper operation has to be verified by testing.
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Table 8 Recommendation for oscillator load capacitors

fosc 4 MHz 8 MHz 12 MHz 16 MHz
ESRy, / Q 120 90 80 70

Co/ PF 35 35 35 35

Co/ PF 3 3 3 3

Cyrar = Cxrara / PF 33 18 12 12

3.4 Layout recommendations

Figure 9 shows a layout example for an SMD quartz crystal to be used with the TLE987x/6x.

{ GND XTAL1 XTAL2 J

LT LT UE 4
Via to ground island
and global ground

ooy

Single ground
island

Via to ground
island ~

GND

SMD
quartz crystal

Figure9 CGU layout recommendation
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4 LIN transceiver

The LIN module is a transceiver for the Local Interconnect Network (LIN), compliant to the LIN2.2 standard,
backward compatible to LIN1.3, LIN2.0 and LIN2.1. It operates as a bus driver between the protocol controller
and the physical network. The LIN bus is a single-wire, bidirectional bus, which is typically used for in-vehicle
networks, using data rates between 2.4 kBaud and 20 kBaud. Additionally, data rates up to 115.2 kBaud are

supported.

VS

LIN transceiver

Reus LIN.CTRL_STS

LN O3
CTRL
Driver, current TxD_1
' LIN-FSM l-——
I limiter, and TSD STATUS from UART
A

GND_LIN [

= RxD_1 to UART

1 tier and TIMER2,

ﬂ— > pin T2EX

— » (T2EXCON=0,

T2EXIS=0)

Filter Receiver
JI Il} > LIN_Wake

Sleep comparator

A

Y

-

Transmitter

STATUS
CTRL

GND_LIN

Figure 10 LIN transceiver Block Diagram

Itis recommended to put a 220 pF capacitor between the LIN input and GND_LIN pins. This complies with the
LIN specification 2.2.

The GND_LIN pin has to be connected to a global ground net outside the chip.

In order to avoid interferences with the SoC’s core voltage, it is recommended to connect GND_LIN to the
same ground net of the power MOSFETSs - called power GND.

To reduce digital ground bounce transmitted via LIN, GND_LIN should not be connected directly to the GND
of the TLE987x/6x. It is better to have a slight decoupling by using few millimeters of trace.

The LIN transceiver can be used also with PWM control. In this case, a pull-up resistor between the LIN input
and the battery input voltage should be placed. The value of the pull-up resistor is = 1 kQ.

In case additional filtering is needed because of EMC issues, common mode chokes before the LIN pin are not
recommended. A ferrite bead placed at GND_LIN is preferred.
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5 High-voltage monitor input

This module monitors external voltage to detect levels above or below a specified threshold, or it can be used
in Low-Power mode to detect a wake-up event at the high-voltage MON pin.

5.1 Block diagram

MON

JI Filter _ | tointernd
A T dircuitry

TL
|
é [

Figure11 Monitor input block diagram

——<{ )5

von{ }

5.2 Application hints

The functional description of the high-voltage monitor input is included in chapter 26 of the TLE987x and
TLE986x User Manuals.

A dedicated R-C filter (Ryoy and Cyoy) must be placed before the MON pin (Figure 2), in order to protect it
against reverse polarity connection and voltage transients (ISO pulses), which could violate the absolute
maximum ratings of the MON pin. In fact, in a typical use-case the MON pin could be directly connected to the
car battery in order to sense the supply voltage, especially during power-down.

Table 9 shows the recommended R,y and Cyqy values. The GND to be used for Cy,q is the analog or digital
GND. Since the R-C time constant affects the voltage slope on the MON pin, the R,qy and Cy,qy values should
be selected according to the application requirements. Due to potential high peak power during transient
tests, the recommended package for Ry, is 1206 SMD.

Table9 Component selection for the MON pin

Symbol Function Recommended component

Ryion Filter resistor Min. value 1 kQ
Ruon Value and size selected according to the application,
package 1206 SMD recommended

Cvon Filter capacitor Ceramic capacitor

Min. value 10 nF, typical voltage rating 50 V

Cwon Value, voltage rating, size, and dielectric type selected
according to the application
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6 Bridge driver (excluding charge pump)

The bridge driver is intended to drive external normal-level MOSFETSs in bridge configuration. This chapter
provides details about external components, which are needed depending on application requirements.
Detailed information about the bridge driver functioning and configuration is available in the Infineon
Application Note “TLE986x/TLE987x Bridge Driver”.

6.1 Application diagram

The following application diagram shows the gate drivers for one half-bridge with the (partially optional)
external components, which are described in this chapter.

from battery
1

]
]
]
VCP DC link

Cerx

+ 9 VDH l ¢ ® CPHMI I

High-side
driver

VDS

Reeno

VREF(

Ipopiag

=== {0 motor

Low-side
driver

~y
Al

i) LY

Tix

Reeno

I
X

v SL

I !
1
1
1

to ground

(N
\_/
=

VREF

Figure 12 Gate drivers for one half-bridge with external components
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6.2 External components
6.2.1 Overview
Component |Short description Recommended value
Reate Gate resistor (optional): suppresses potential oscillations 20...100
between PCB line inductances and MOSFET capacitances
Rgs Gate-to-source resistor: terminates the MOSFET gate 100 kQ
Ces Gate-to-source capacitor (optional): linearizes the intrinsic it depends on MOSFET
MOSFET gate-to-source capacitor
Cep Gate-to-drain capacitor (optional): linearizes the intrinsic
MOSFET gate-to-drain capacitor
Couax DC link capacitors: A buffers DC link voltage it depends on
Coipx DC link capacitors: B suppresses double-digit MHz oscillations application
. S requirements
Rs, C Snubber (optional): reduces voltage peaks and ringing at
motor pin
Cemcrx EMC filter capacitor at the SHx pin: suppresses fast transients 1nF
at SHx
Ruons Cupn Low-pass filter at the VDH pin: suppresses high-frequency 1kQ,1nF...3.3nF
components of DC link voltage
Dgy, Protection diode at the SHx pin (optional): limits SHx undershoot | -
voltages

6.2.2 Details

6.2.2.1 Gateresistor

The optional gate resistor R Suppresses potential oscillations between PCB line inductances and MOSFET
capacitances, which build up an LC oscillator that can be stimulated by fast transients during MOSFET
switching. The value of R, depends on the PCB layout conditions, MOSFET parasitics, and switching speed,
but should be as small as possible, preferably in the range from 2 Q to 10 Q.

6.2.2.2 Gate-to-source resistor

The gate-to-source resistor R terminates the gate of the external MOSFET to its source. It should be placed
as close as possible to the MOSFET to keep it turned off, for example, in the case of electromagnetic
interference (EMI) or broken PCB lines. The recommended value is 100 kQ.
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6.2.2.3 Gate-to-source capacitor

The optional gate-to-source capacitor Cgg linearizes the intrinsic MOSFET gate-to-source capacitance and
reduces the tolerance of the total gate-to-source capacitance seen by the gate driver. The value of C;¢ should
be large enough to dominate the intrinsic MOSFET gate-to-source capacitance Cgs ;.. The recommendation
is: Cgs 22X Cgs jnt-

Notes

1. The maximum gate charge Q,; nqx P€r MOSFET including the external gate capacitors must not
exceed 100 nC.
2. Cgs inefs usually not directly given in MOSFET datasheets, but it can be estimated from parameters like C;ss or

Qgs'

6.2.2.4 Gate-to-drain capacitor

The optional gate-to-drain capacitor Cg, linearizes the intrinsic MOSFET gate-to-drain capacitor and reduces
the tolerance of the total gate-to-drain capacitance seen by the gate driver. The placement of Cgp is
recommended, if it is important for the application to have a well-controlled linear slew rate at the SHx pin:

AVpy | At =lgare / Cop-

Notes

1. The maximum gate charge Qy,; mq Per MOSFET including the external gate capacitors must not
exceed 100 nC.

2. Inorder to avoid unintended switch-on of the MOSFET during fast transients, the following condition must
be met: Cyp/ Cog <1/ 10.

6.2.2.5 DClink capacitors

The DC link capacitors Cpya, and Cpyg, S€rve two purposes:
1. Cppa, Works as a buffer capacitor.
2. Cpypy SUppresses double-digit MHz oscillations on the DC link voltage.

The total value of all DC link capacitors Cpy 101 = ¥ (Copax + Cpysy) depends on the acceptable DC link voltage
ripple caused by PMW operation and on additional application-specific requirements, like having motors
operating in generator mode or the need to buffer the motor energy in the case of an emergency shutdown of
the MOSFETSs.

Note: Cpy_tor Must be large enough to always keep all connected input pins (for example, VDH, VSD) within
their absolute maximum ratings.

As a starting point for the value of Cpy; 4, @ rule of thumb is 230 pF per 10 A of motor current. The bigger part
of the capacitance is covered by electrolytic capacitors Cpy,, and the rest by ceramic capacitors Cppg,. It is
recommended to choose capacitors with low ESR and low self-inductance and to place them close to their
respective high-side MOSFETSs, in order to minimize series resistances and inductances in the high-current
path.
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6.2.2.6 Snubber

The optional snubber Rg and C reduces voltage peaks and ringing at the motor pin, which can be caused by
PCB parasitics like series inductances. The values for Ry and Cs depend on the half-bridge power ratings and
on the parasitics of the selected MOSFET.

Starting values for R and Cg can be derived from the following constraints:

o Rs=Vpciink/ Imotor IN Order to keep the voltage across R¢ always smaller than the DC link voltage

o Cg22xC,, Where C_ is the output capacitance of the MOSFET

0ss?

Notes

1. ForRg, aresistor with very low self-inductance should be chosen. The resistor power class can be derived from
the maximum energy stored in Cs.
2. For Cy, a capacitor with high peak-current capability should be chosen.

6.2.2.7 EMC filter capacitor at the SHx pin

The EMC filter capacitor Cgycpy at the SHx pin suppresses fast transients coming from the motor pin. The
recommended value is 1 nF. This capacitor should be placed as close as possible to the SHx pin.

6.2.2.8 Low-pass filter at the VDH pin

The low-passfilter Ry, and C,p, at the VDH pin suppresses high-frequency components on the DC link voltage.
The VDH input serves as the reference voltage of the high-side drain-source comparators and should be stable
right after each MOSFET switching event. Therefore, a time constant in the range of a low single-digit ps value
should be targeted, for example: Ry, = 1 kQ and Cpy = 1 nF.

Note: Ryon performs an additional protection role by limiting the current out of the VDH pin in the case of
a reverse-polarity event or other undershoots of the DC link voltage.

6.2.2.9 Protection diode at the SHx pin

The optional protection diode at the SHx pin limits SHx undershoot voltages. This diode is only recommended
if undershoots below the absolute maximum ratings may be expected due to unknown application
conditions.
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7 Charge pump

The charge pump isintended to supply the bridge driver integrated in the TLE987x/6x, as well as the Back-EMF
comparators. The purpose of this chapter is to provide a design method for the external capacitors, depending
on the application requirements.

7.1 Application diagram

The following application diagram shows the charge pump and its external components, which are the flying
capacitors CCPS1/ CCPS2 and the output capacitor CVCP. The input voltage of the charge pump is VSD, while
the output voltage is VCP.

Vy is the motor voltage after the MOSFET for reverse polarity protection. An RC network can be optionally
placed between V,, and VSD. Cpy is acting as filter capacitor, while Ry limits the current flowing into VSD
during voltage transients. The recommended values for Cygpy and Rygp are 1 pF and 2 Q.

CVCP
" ? {
Rvsp I Cvsp CCPS1 CCPS2
VSD CP1H CPIL CP2H cpaL VCP
CHARGE PUMP

BDRV
MOSFET
driver

GND

Figure 13 Charge pump application diagram

7.2 Charge pump: how it works

The voltage VCP is generated by a 2-stage charge pump, as a multiplying effect of the input voltage VSD using
two flying capacitors CCPS1 and CCPS2: ideally, each stage of the charge pump can provide a voltage increase
equal to the input voltage. The output capacitor CVCP acts as bulk for the voltage VCP. A detailed description
of the behavior of an n-stage charge pump is available in the following literature:

+ “On-Chip High-Voltage Generation in Integrated Circuits Using an Improved Multiplier Technique”
by J.F. Dickson

+ “Theoretical and Experimental Analysis of Dickson Charge Pump Output Resistance”
by A. Cabrini, L. Gobbi, and G. Torelli
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The switches of the charge pump are driven by an internal clock (CLK) with a frequency equal to f,, derived
from the TLE987x/6x system clock. The following pattern applies (Figure 14):

+ Clock set to low: the capacitor CCPS1 is charged by VSD, while the energy of CCPS2 is transferred to the
output, boosting the voltage VCP of the capacitor CVCP. Considering Vprop; @s the voltage drop of the
switches of the first stage and ignoring the load current, the average voltage VCPS1 can be expressed as:

VCPS1 = 2 VSD - Vprop)

+ Clock set to high: the energy is transferred from CCPS1 to CCPS2, while the output voltage VCP is buffered
by the bulk capacitor CVCP. Considering Vprop, as the voltage drop of the switches of the first and second
stage and ignoring the load current, the average voltages VCPS2 and VCP can be expressed as:

where Vpop is the total voltage drop of the switches of the charge pump.

CLK

nCLK

nCLK

CLK

CCPS1

cveP —

BDRV &

MOSFET
driver

VSD

CLK

nCLK

nCLK

CLK

A

driver

nCLK

VP ——

BDRV “--——-+———
MOSFET

Figure 14 Basic scheme of the charge pump (left: clock set to low; right: clock set to high)
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Including now the load current in the calculation, the output voltage VCP can be expressed as:

where:

« ICPisthe average output current, as sum of the bias current of the bridge driver and the total current
needed to drive the MOSFETSs gates;

*  Rour ave is the average output resistance of the charge pump, which can be expressed as:

2 3
Rour ave = 7S CCPS ¥ 4 x fyyy x CVCP

where fg,, is the switching frequency of the charge pump, and CCPS1 and CCPS2 are both equal to CCPS.
Considering:

the Equation (7.1) can be rearranged as follows:

(7.3)

VCP = 3xVSD-ICP (Rgq + Royr Ave)

where Ry, is an average resistance, which takes into account of the total voltage drop Vpz0p as soon as it varies
with the output current. A value of Ry, fitting to the TLE987x/6x charge pump is about 100 Q. Figure 15 shows
the equivalent circuit as expressed by the Equation (7.3).

VCP

Rea Rout_ave

3vsD ‘l’ ICP

Figure 15 Charge pump equivalent circuit

Application Note 26 Rev. 1.0
2020-10-30



o _.
TLE987x/6x Infineon
Hardware Design Guideline '

Charge pump

Considering the wide range of the input voltage VSD, the charge pump of the TLE987x limits the output voltage
VCP according to the following relations:

14V if VCP-VSD=>14V

VCP-VSD =
VCP-VSD if VCP-VSD< 14V

Important to note is that the above equations are aiming to provide an equivalent model of the charge pump
considering average values of the electrical parameters, not RMS (root medium square) values. For this
reason, they should not be used straightforward to calculate the power dissipation of the charge pump
itself.

7.2.1 ICP load current calculation

The load current ICP of the charge pump is the sum of the currents supplied to each gate, and the bias current
of the bridge driver. In Figure 16 the gate charge and discharge current paths are shown. Referring to this
figure, the following equations can be derived:

(7.4)
ICP = Ng X (ICPy; +Ig[ag)
(7.5)
ICPy; = Ny X fpywm X Qum
(7.6)

X VGD

ext

Qum = Qmosprt + CGS, (X VGS + CGD

where:

+ Ngisthe number of half-bridge drivers active in one PWM switching period. This value depends on the PWM
switching scheme and the control technique used in the application. Considering a 3-phase motor, N is
equal to 1 with block commutation, while Ng is equal to 3 with FOC (Field Oriented Control).

+ ICP, is the current of each half-bridge gate driver.
+ Igas is the bias current of each single half-bridge driver. A typical for /g, value is about 2 mA.

+ Ny isthe number of MOSFETs turned on in one PWM switching period. This value depends on the PWM
switching scheme and the control technique used in the application. For block commutation and FOC Ny,
isequal to 2.

o foum is the PWM switching frequency.
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+ Quisthetotal charge transferred to the High-Side (HS) and/or Low-Side (LS) gate, including the charge of
external capacitors.

*  Quosret IS the gate charge of the HS (and/or LS) gate present at a certain VGS.
+ CGS,,, is the value of the external gate to source capacitance.

+ VGS is the gate to source voltage.

+ CGD,,, is the value of the external gate to drain capacitance.

+ VGD is the gate to drain voltage.

CVCP
[|
Il
VSD VCP
ICP
. VSD
CHARGE -
PUMP D |
’-—\j
GND J\ EgSHX ?
Ix O to the moto
o > |
DG
I
o o
SL
Rsh

Figure 16 Schematic representation of the High-side and Low-side MOSFET gate charge (green) and
discharge (blue) currents paths (left). Bias current in red. Each gate driver block is repeated
3xin the TLE987x, while 2x in the TLE986X.
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The gate charge Quosrer Can be determined from the characteristics of the MOSFET. A typical gate charge
graph of an automotive Infineon MOSFET (IAUA120N04S5N014) is shown in the Figure 17.

Vigs = f(Qgawe); /0= 40 A pulsed

parameter: Vpp

10

8V
9 p
32V

Ves [V]

0 10 20 30 40 50 60 70
anle [nC]

Figure 17 Gate charge of the IAUA120N04S5N014

In the bridge driver implementation of the TLE987x/6x, the HS and LS gate source voltages VGS are limited by
an internal clamping. In Figure 18 a simplified schematic of the bridge driver is illustrated. It can be assumed
that the MOSFETs ON-resistances and the current sensing resistor R, are in the order of magnitude of [mQ].
As a consequence the following approximations can be made:

+  When HSx is ON and LSx is OFF > VPHx = VSD

+  When LSx is ON and HSx is OFF > VPHx = VSL = GND

Taking this into account, the typical average VGS, (for the HS) and VGS s (for the LS) voltages can be
estimated as:

(7.7)
125V if VCP-VSD=>14V
VGSyg= .
VCP-VSD-15V if VCP-VSD<14V
125V if VCP>214V
VGS, = .
VCP-15V if VCP<14V
Application Note 29 Rev. 1.0
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Figure 18 Simplified BDRV block diagram with highlight on gate-source voltage clamping. Each gate
driver block is repeated 3x in the TLE987x, while 2x in the TLE986x.

A calculation example is provided here below, where no capacitors are connected to the MOSFETs gates and

FOC control with a 3-phase motor is used. For sake of simplicity, we can assume VGS to have the same value
for HS and LS, as well as to be independent from ICP.

« Assumptions:

Ny = 2
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+ Considering VGS equal to 12.5 V, the gate charge should be consequently increased, since the 60 nC are
estimated for VGS=10V.

_ 125V
Quosper =60 nC X === 75 nC

+ The current for each gate driver is equal to:

ICPy = Ny Xfpwm X Quosper =3 MA

« Thetotal ICP currentis:

ICP = 3 X (ICPy +Ig,g) = 15 mA

Another calculation example is provided here below, where a capacitor is placed between gate and source,
and no capacitor between gate and drain is connected. The control scheme is always FOC. For sake of
simplicity, we can assume VGS and VGD to have the same value for HS and LS, as well as to be independent
from ICP.

« Assumptions:

VGS = VGD = 125V ;  CGS,, = | nF

+ The charge for each gate is then:

125V

0V +125VXx1nF=88nC

Qy = 60 nC X

+ The current for each gate driver is equal to:

ICPy, = Ny X fpypy X Qy = 3.5 mA

« Thetotal ICP currentis:

ICP = 3 X (ICPy +Ig,q) = 16.5 mA
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7.3 Charge pump external capacitors design

The flying capacitors CCPS1 and CCPS2 boost the input voltage VSD to generate the output voltage VCP, while

the output capacitor CVCP is acting as bulk capacitor. The selection of the values and type should consider the

following requirements:

+ VCPvoltageinsteady state: asshown inthe Equation (7.1), the output voltage depends also on the value
of the charge pump capacitors.

+ Voltage ripple: the ripple of the flying capacitors can be expressed as:

ICP

V.. =
ripple
PP fgw x C

where Cis the value of the capacitor. The voltage ripple of the output capacitor CVCP is equal to the one of the
flying capacitors, but divided by 2.

« Dynamic response: the higher the value of the capacitors, the slower will be the start-up time and the
response to load changes. In a typical TLE987x/6x application, this requirement is not critical.

+ Lossesdueto ESR (Equivalent Series Resistance): the higher the value of the capacitors, the higher will be
the ESR and so the losses. Using ceramic capacitors, the losses can be considered as not relevant in this
application.

« DCbiasvoltage: ceramic capacitors exhibit lower capacitance values, when the applied voltage increases.
According to the point of load and the desired capacitance value, the voltage rating should be adequately
selected. For a typical application, 50 V capacitors are recommended.

Here a method is presented to select the charge pump capacitors:

1. Define the type of MOSFETs of the application.

2. Define the switching frequency f, Of the bridge driver.

3. Calculate the load current ICP, as described in the Equation (7.4).
4

. Calculate the preliminary values of CCPS and CVCP using the Equation (7.8). As a rule, we can consider a
maximum ripple of 0.5V for the flying capacitors CCPS and 0.25V for CVCP. Moreover, at least 50% higher
capacitance should be taken into account of the DC bias.

Calculate Royp ayg Using the Equation (7.2).
Calculate Vpgop using the Equation (7.3).
Calculate VCP voltage using the Equation (7.3).

© N o b

Calculate the voltage VCP vs. VSD using the Equation (7.7), checking that the gates are driven with a
sufficient voltage in the input voltage range VSD, as required by the application.

The recommended values are 220 nF for the flying capacitors (CCPS1 / CCPS2), and 470 nF for the output
capacitor (CVCP). These values allow to have a VCP voltage sufficiently high within the nominal working
conditions of the charge pump, as well as a low voltage ripple in the load current range.

Application Note 32 Rev. 1.0
2020-10-30



o _.
TLE987x/6x Infineon
Hardware Design Guideline '
Charge pump
7.3.1 Calculation example

A calculation example is provided here below.
1. Identify the MOSFETSs, for example: IAUA120N04S5N014.
2. Define the switching frequency:

3. Calculate ICP, considering VGS =12.5V, N, = 2, and no external capacitors connected to the gates:

ICP=15mA

4. Calculate preliminary values for CCPS and CVCP, considering a charge pump frequency of 250 kHz and a
voltage ripple of 0.4V and 0.1V for CCPS and CVCP respectively.

CCPS = 150 nF — +50% — 220 nF
CVCP = 300 nF — +50% — 470 nF

5. Calculate Ryyr aye:

ROUT_AVG =43 Q
ICP x ROUTAVG =0.65V

6. Calculate the voltage drop:

7. Calculate VCP vs. VSD:

VCP-VSD=2xVSD-22V

8. Considering 8V - 18V as VSD voltage range, calculate the voltages VCP vs. VSD, VGS,s and VGS¢:

VCP-VSD VGSHS VGSLS
VSD=18V 14V 125V 12.5V
12v 14V 125V 12.5V
10V 14V 12,5V 12,5V
8V 13.8V 12.3V 12,5V

From the table, the minimum VGS voltage is equal to 12.3 V, so the MOSFETs can be correctly driven in every

condition.
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8 Current Sense Amplifier

The Current Sense Amplifier (CSA) is an analog circuit capable for amplifying a differential input voltage by a
programmable gain G.

Despite being actually a voltage amplifier, it is specifically designed for shunt current measurements. For this
purpose, the pins OP2 ad OP1 are connected to the terminals of a suitably designed shunt resistor, through
which the current to be measured flows, and a filter network.

8.1 Block diagram
Vzero
~N
RS
~
I ~
~
| N
~ CSA->CTRLVZERO
| N
N
| ~
| RN
v GR
oP2 p | ~
X ~
| N < 1
R
I— ) S — ADCI - CH1
I |—|I—' OPA Ve >—0
| I - -
| R bl e
Vn [ ] 7

oml}g I I I P
I c GR
I -

e
I -
-
| 7
-

| 7
I s
Lo < CSA->CTRLGAIN

Figure 19 CSA block diagram and application schematic for shunt current measurement
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8.2 Functional description

Figure 19 shows the block diagram of the CSA together with the registers and logic related to its setup. The
amplifier is built around an OPA configured as a differential amplifier with an output voltage offset. The
amplifier’s output is permanent connected to the ADC1 channel 1, which means it is loaded by a fixed
impedance. It is an integrated closed loop amplifier and it can be used only as such. What follows will describe
the entire CSA configuration and behavior.

8.2.1 DC characteristics

The differential input voltage is defined as:

Vig = OP2-OPl = V-V,

The ideal DC transfer characteristics can be calculated as:

Vo = Vzrro + G Vig

V,ero = 0.4 VAREF

Via = 0>V, = Vzrro

where V¢, is the output voltage offset and VAREF is the reference voltage of ADC. If, for example, VAREF is
generated by the internal reference voltage generator, its nominal value is 5 V. As a consequence Vjgpo =2V,
which allows the ADC1 channel 1 to measure positive and negative values of V.

The linear output voltage range of the amplifier is (see P_13.1.4 of the datasheet):

min, max{V_ } = Vouyr = Vyprot 1.5V

With the use of the internal VAREF generator, V, can assume any value between 0.5V and 3.5 V.

The V, range limits the differential linear input range, which also depends on the gain setting according to
(see P_13.1.1 of the datasheet):

(8.4)

min, max{V,} = Vix = £1.5V/G

Outside these ranges, the CSA characteristics are not linear and therefore undefined.
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Because it is not an ideal circuit, the OPA exhibits an input offset V/,. Because of this, the output voltage can
be expressed by:

(8.5)

Vo = Vzero+ G (Vg £ Vo)

Via = 0— Vo = Vzero * G Vos = Vzero T Voos

This implies that the direct measurement of V¢, by means of CSA->CTRL.VZERO = 1 will differ from the value
of V, with V.4 =0 with CSA->CTRL.VZERO = 0. This difference equals to the output offset V. (see parameter
P_13.1.17). These measurements can be used to calculate this difference in the application software and to
compensate the offset.

The common mode input voltage is defined as:

_OP2+0P1 _ Vy+V,
Vicm - 2 - 2

Considering also the contribution of V,., and the common mode rejection ratio DC_CMRR (see parameter
P_13.1.8 for grade 1 in conjunction with P_13.1.27 for grade 0 devices), the DC characteristics can be
expressed as:

(8.7)
Vo = VzeroE Voos + G (Vig+ Vien/ CMRR ;)

(6]
DC_CMRR

CMRR, =10 *°

Figure 20 shows a graphical representation of the differential DC characteristics and the input/output
range.
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Figure 20 Differential DC characteristics

8.2.2 AC characteristics

The CSA can be modeled as a three-ports network with two input ports and one output port, as shown in
Figure 21. The two input ports represent OP2 and OP1, while the output port represents V1. Voltages for all
three ports refer to the ground potential GND.

By considering the specific characteristics of the CSA, the three-port network can be expressed as:

where:
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The first equation in Equation (8.8) represents the output behavior, while the other two represent the input
behavior of the CSA. The nominal value of the input impedances can be expressed as:

(8.10)
Z = 2 =(G+1R Z _ 2 =0
PP~ pn ~
Pli =0 M=o
Dl’l Dl’]
an=i_ =GR Znn=i_ =R
Pli =0 Tl =0

HF CSA

dl

-

~
S

Figure21 CSAAC simplified three-ports model

Figure 21 shows a schematic representation of the input equations and its impedances. This representation
together with the equations are necessary to design the external current-sensing and filtering network.

The resistors R have nominal values of 1.25 kQ (see P_13.1.25 of the datasheet), and G changes according the
programmed gain.

The closed-loop nature of the CSA ensures the stability is guaranteed in any application condition. The open-

loop transfer function of the CSA together with its gain and phase margins are designed and fixed for each
G gain configuration. Therefore, only the closed-loop transfer functions are described here.

The DC common mode gain can be derived from the CMRR as:
(8.11)

A Ag
cm © CMRR

Rev. 1.0

Application Note 38
2020-10-30



TLE987x/6xX iﬁneon |

Hardware Design Guideline

Current Sense Amplifier

The typical AC differential gain transfer function is shown in Figure 22 and defined as:

(8.12)

V,(8)

Vi4(s)

Ag(s) =

A simplified analytical expression for each transfer function can be used in order to identify the typical
frequency and time-domain parameters. A dominant-pole approximation of Ay(s) is:

(8.13)
(s) G
Ay(s) = —— = 2
Vig($) (1”)
©,
40 T Trrrrrt T T rorrrrr T Trrrrrr :‘:“:““‘ ‘:“““‘\ TTT
—— i T 1| Gain setting
] | 1
30 [ SRGHH T 10
1 1o— 20
: 1 ] : I 40
20 i N| O — 60 ]
1 1 |
10 L :
=) p ok :
E | O O | [ ]
[G) 1o 1
0 i :
11 | 1
| i
-1or BW.sas It :
| | ==== 225MHz (RO :
ol 77T ATMHz R NARA | |
OF ceee 2.7 MHz e ;
| === 1.7MHz i i i E
-30 I P 2
1k 10k 100k 1M 10M 100M 1G
f[Hz]

Figure 22 AC differential gain transfer function

The typical values of w, for each gain setting are shown in Table 10. Beinga 4™ order transfer function, its step
response in the time domain has a quite complex analytical expression. However, we can still define the time
constant T, and its relation to the settling time T:

(8.14)

1
rp=0)—p Tsz91:p

The settling time T is defined as the time between the instant when the step is applied at V4 and the instant
in which V, remains confined within +2% of its final value. Table 10 shows the values of the estimated typical
T, and 1, for each gain setting.
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Table10 Typical values for gain settings

Gain [V/V] 10 20 40 60
w, [Mrad/s] 50 27 17 12
T, [ns] 20 37 57 84
Settling time [ns] 185 330 520 760
8.3 Application hints

The CSA is designed to measure the differential voltage across a shunt resistor through which the current to
be measured flows. A typical circuit implementation of the sensing network is shown in Figure 23.

Because of the parasitic inductance introduced by the shunt resistor and the PCB traces, the signal across the
shunt resistor presents spikes and ringings. This effect must be compensated by a filtering network as shown
in Figure 23.

Chapter 8.3.1 and Chapter 8.3.2 describe a procedure for designing the shunt resistor and the filter network.

Rip /‘ SOP2
pL
M\ —, /

‘i, T || CSA |k

OP1

Figure 23 Typical circuit implementation

8.3.1 Shunt resistor selection
In a typical application, the input pins OP2 and OP1 are connected to an external shunt resistor so that:

(8.15)

Via = Ryplu
Vo = Vzero * G R Iy

o

where I, is the current to measure, and R, is the nominal resistance of the shunt resistor. This equation
represents the ideal DC behavior of the CSA, so it is only valid once all the dynamics of the system are
eliminated. However, it is still a valid design equation for the choice of R, and G.
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Indeed, because of the limited output voltage range of the CSA, one has to consider the behavior under
maximum current:

(8.16)
V"™ = Vyero + 1.5 V>V, im0+ G R I
This leads to the 1% design equation:
(8.17)
max 1.5V
Rsh < Rsh = max
G Iy
Note: This equation should be used so that R, is as close as possible to its maximum limit in order to take

the greatest advantage of the V, range.
Since the output voltage is eventually measured by the ADC1 channel 1, one has to consider the relation
between the current resolution A/, and the ADC1 resolution AV
(8.18)

VAREF min
0o = T <G RshAIM

2 -1

AV

Using the internal reference leads to AV, ~ 4.5 mV. From this condition, the 2"! design equation derives:

(8.19)
; AV
Ry >Ry, = =
min
G Al
Note: This equation should be used so that R, is as far as possible to its minimum limit.
Another effect to consider is the power dissipation of the shunt resistor:
(8.20)
— 2
PDsh - RShIMRMS
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In order to limit the power dissipation to a certain value Pp,™®, the 3" design equation should be applied:
(8.21)
PD max

D s
Rsh<Rsh = I :

MRMS

2

The following considerations are also relevant when selecting a shunt resistor:

1. The higher the gain, the lower the bandwidth, as seen in Figure 22.

2. Thevalues of commercial current sensing resistors are discrete and limited.

3. More shuntresistors in parallel are possible to increase the total maximum power dissipation.

Design example: Selecting a shunt resistor
+ Iy(t)is a square-wave current with:
- 1,"*=10A
- 1,""=0A
- Duty cycle =80%
« VAREF =5V (internal)
. Al,""=100 mA
o Pom™=1W

To find the suboptimal shunt resistance, the best approach is to consider the three design equations for each
gain setting G = {10, 20, 40, 60}:
1. From the 1% design equation (Equation (8.17)):

(8.22)
Ry, <R, "= GI;TOVA= {15;7.5;3.75; 2.5} mQ
2. From the 2" design equation (Equation (8.19)):
(8.23)
Ry, >Ry Yo 452251225 0,75} mQ
3. From the 3 design equation (Equation (8.21)):
(8.24)
R, <R, = 81)\2’2: 12.5 mQ
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Figure 24 shows a graphical representation of the design equations above. It shows that any gain setting can
fit the case, given that R, falls in the selection area.

On the base of this analysis and considerations 1. and 2., a suboptimal choice for this use case would be
a 7-mQ resistor with a gain setting G = 20. This will lead to the following actual values:

(8.25)
V"™ =2+20-7mQ-10A = 34V
4.5 mV
ALy, = —————=322mA
M ™ 20-7mQ
PDh = 7mQ - 80 A% = 560 mW
15 [ R ... S - — N —— N - .
12,5}
I ——  Max power (Eq 3)
10 e S B  Minresolution (Eq2) |
€ I B2 Selection
= I B Maxrange (Eq 1)
QTS5 S ...
R o M S R — :
2.5 [ Y KK R v NI ... :
o: -
10 20 40 60
Gain
Figure 24 Graphical representation of the design example values
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8.3.2 Filter network selection

The goal of the filter network design is to shape the dynamics of the CSA input voltage so that it is the best
representation of the measured current. In practice, the design goal is to choose the values of the low pass
filter components R, and C,, that damp the ringings caused by the parasitic inductance L.

V, as function of /,, needs to be expressed. We could do this in the time domain, but the AC analysis in the
frequency domain can simplify the design procedure. The total CSA gain transfer function can be defined as:

(8.26)
_V,(s)

(s) — iM(S)

Further H(s) can be broken down as a function of the CSA differential and common mode gains from the input
pins OP2 and OP1 to the input of the ADC1:

(8.27)
V,(8)  Ay(s)V;4(s) + A (8)V;.n(8)  Vi4(s)
(s) = 3 = " = = Ad(s)
ip(s) i(s) Ipi(s)
Note: The above simplification is possible because both the common-mode input signal and gain are

negligible compared to the differential ones.

In the frequency domain, the design goal mentioned above translates into obtaining a response as flat as
possible, ideally a constant response across the whole frequency spectrum. As known A4(s) has a flat gain, but
within limited bandwidth (see Figure 22 and Table 10), so the effect of the shunt and filter network has to
preserve this level of fidelity.

Figure 25 CSAinput filter and graphical representation of the CSA impedances
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In conclusion, the best dynamic performance obtainable (without introducing any additional reactive device)
is the one of the CSA. This requires:

(8.28)
ia(s)
7 _ Jid —
T(S) IM(S) sh
This will be eventually the condition for calculating one of the design equations.
The analytical calculation of Z;(s) from the schematic in Figure 25 leads to:
(8.29)
sL
F (1 + —Sh)
V;4(8) Rh
ZT(S) == = Rsh
IM(S) Lsh
F = 2R
2R+Ry, +2Ryp
For s =0, that means in DC regime, the transimpedance can be expressed as:
(8.30)

ZT(s)|S _o = RaF

This means that the factor F introduces a DC error. This factor indeed represents the portion of the
DC current I, that flows through the low pass filter resistors R, , and the input stage of the CSA (because of its
non-infinite input resistance R).

This error can be minimized by considering that R, << R and by imposing the 1 design equation:

(8.31)
R
This condition leads to a DC gain error of:
(8.32)
Ry,-R,F
Errz, % = ——sh— o1 o
Ry, IL+p
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For example, for p = 100 the error would be less than 1%. It is therefore good practice to choose a value of R ;,
between 1 Q and 15 Q.

The following considerations can then be applied:

+ Ifp=100thenF=~1

* Ra<<Rip

e Ly /2R=0

These assumptions will lead to a final simplified transfer function:

(8.33)

s L
[ape—— ]+~
V;4(8) Ron ©,
Z+(s)= - =Ry = Rsh

The parasitic inductance introduces a 2"%-order dynamics and a zero in the filter transfer function. The zero
will boost the transfer function, increasing the high frequency content of the step response. The poles instead,
depending on the filter values, could:

+ Introduce a resonance (Q > 1/v/2), which will result in a fast, but overshooting step response.

« Split, one in low frequency and one at high frequency (Q < 1/+/2) obtaining a slow, but smooth step
response.
None of these effects is desirable because the goal is to obtain a flat response (at least within the bandwidth

of the CSA). A third option would be to try to cancel the dynamic of the zero with one of the poles. Partial
cancelation of the zero is indeed possible when:

(8.34)

Lsh

CLP ) 2 RLPRsh

This is the 2" design equation. The pole/zero cancellation is never perfect in practice, because of the
uncertainty and variation of the passives values. So, this method gives the suboptimal value of C, that
maximizes the bandwidth of the filter.

This design equation has to be considered as a starting point recommendation for the customer's design. The
designer shall make use of the analytical tools shown in this chapter to choose the C,, value considering the
design's specifications.
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In Figure 26 one can observe the effect of 4 different C,; values on the normalized transfer functions and step
responses:

(8.35)

H(s) ()

8.3.3 Conclusion

When all design equations are used to select the current sensing and filter network, the transfer function from
measured current to output of the CSA can be simplified as:

(8.36)

Rsh G
(Dp

Hopt(s) _ DQ(S)

_ 7 opt -
=G Z1 7 (8)Ay(8) =

This means that:
+ The DCerrorintroduced by the finite CSA input impedance R is minimized.
+ The2"-order dynamics introduced by the sensing resistor parasitic inductance Ly, is tamed.

The speed of the signal is mainly affected by the CSA bandwidth. As shown in Table 10, the typical settling
time depends on the gain setting G. Figure 26 shows that the CSA bandwidth is capable to settle within 800 ns
typically for the highest gain (lowest bandwidth) setup. In a motor control with 20 kHz PWM, 800 ns represents
a duty cycle of 1.6%. So for applications where very high precision and fast response is needed by the current
sensing, it is suggested to setup the CSA (and design the passives) for the lowest gain possible.
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Figure 26 Frequency and step response of the transfer functions Z,(s) and H(s) with different values
of C,, and the following values: L, =1 mH, R, =5 mQ, R, =10 Q, G = 60.

The last value, 10 nF, is the suboptimal value that satisfies the 2"! design equation
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9 SWD (Serial Wire Debug) interface circuitry

The SWD interface is used to download code to the embedded Power IC or to debug the chip. This chapter
explains how to implement the circuitry around the chip to achieve a successful SWD connection.

9.1 Description of the SWD interface

The SWD interface provides a debug port for severely pin limited packages, such as may be used for small
package microcontrollers, but also for complex ASICs where limiting the pin count is critical and can be a
critical factor for the device cost.

As SWD interface the TLE987x uses the pins TMS (data) and P0.0 (clock). In the evaluation boards, the signals

arerouted through a 5 x 2 pinheader (SWD connector). The following implementation explains the connection
between Embedded Power IC and the SWD interface.

9.2 Implementing an SWD interface connection to TLE987x/6x

The SWD interface can be directly connected to chips of the TLE987x/6x families. Figure 27 shows the
interconnections between the Embedded Power device and the SWD connector.

External pull-up or pull-down resistors are not needed because internal pull-down resistors are present.

The GND for the SWD connector is the digital GND of the TLE987x/6x (pin 19).

A ceramic capacitor from RESET pin to GND can be placed in order to improve immunity from transients. The

recommended value of the capacitoris 1 nF. If this capacitor is used, a blanking time of 31 us in the Reset Blind
Time Register (CNF_RST_TFB) has to be configured.

PIN 40 VDDP PIN 1
PIN 20 TMS PIN 2
TLE987X/ GND PIN3,5,9

TLE986X PIN 21 P0.0 PIN 4 SWD el Eels

PIN 22 RESET PIN 10

Figure 27 SWD connection to the TLE987x and TLE986x device

Onthe SWD interface of the TLE9879 EvalKit and TLE9869 EvalKit, the pin 9 is used to deactivate the onboard
debugging circuit. In a typical implementation, this pin is used as GND. The pinout is shown in Figure 28.

oy
=/
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10 Unused pins

Table 11 shows the recommendations for the TLE987x/6x pins, in case they are not used in the application.
The GND digital pins are pin 19 and pin 28, while the GND analog is pin 39.

Table11l Connecting unused pins

Type Pin number Recommendation 1 Recommendation 2
(if unused) (if unused)
MON 14 GND analog/digital open + configured internal PU/PD
GPIO 15,16,17,18,21, 23, GND analog/digital external PU/PD
24,25, 26,27,31,32,35 or

open + configured internal PU/PD
TMS 20 open
RESET 22 open
P2.0/XTAL1 |29 GND analog/digital
P2.2 /XTAL2 |30 open
VAREF 34 open (VAREF disabled)
CSA 36,37 open (CSA disabled)
VDDEXT 45 open (VDDEXT disabled)
LIN 48 open
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11 EMI recommendation

In this chapter general recommendations are provided regarding PCB layout, as well as some specific hints for
microcontrollers and MOSFET bridge drivers.

11.1 Recommendations for optimized PCB layout

Electromagnetic interference (EMI) is mainly radiated by the PCB and the connected cables. In fact, cables are
very efficient antennas, especially for common-mode currents. Loops on the PCB are regarded as good
emitting antennas. Loops inside an IC are considered to be small compared to the external loops on PCB and
cabling. EMI from the IC can be neglected in most cases.

11.1.1 Placement of the connectors

Having connectors on both sides of the PCB might cause high emissions. A good PCB design should place all
connectors on the same side.

5V =
GND—

e A~ sv
\ = m [ — Connectors on both sides
< M ”m &L : Power supply cable = High emiSSiOH

A oo i = Not recommended

GND plane

Power supply cable

Connectors on one side
= Low emission

= Recommended

GND plane

Figure29 Placement of the connectors

11.1.2  Floor-planning the PCB

For the placement of components, the following rules should be considered:

+ All components from one group should be located together (power, digital, analog, supply, and so on).
« Connectors should all be placed on the same side.

« Susceptible parts should be placed away from noisy parts (power, digital, analog).

« Parts that generate noise should be close to a connector.

+ Route all traces to the components in each zone as if this zone had its own ground plane.

« For simplicity and clarity reasons, number the components in each zone in the same way (for example,
analog =100, digital = 200, power = 300, and so on).
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11.1.3  Routing the power supply traces

Wiring loops on the PCB should be as small as possible.

C Power supply cable

VC
GND = ‘
g

VCC trace

Ground trace

VCC Power supply cable
GND ~ 1

Ground trace y4
rd
/
#

{ ' VCC trace rd
1
4

Big loop in the power supply
= High emission

= Not recommended

Small loop in the power supply
= Low emission

= Recommended

Figure 30 Routing the power supply traces
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EMI recommendation

11.1.4

Table 12

Number of PCB layers

Rules for different PCB types

Two layer PCB
(no ground plane)

Keep the loop areas that are
formed by ground and power
supply traces as small as
possible.

Route power supply traces
always together (parallel, next
to each other) starting from
once central star point and
spreading into each individual
zone.

Do not mix the supplies of
different zones.

Fill free areas with ground.

Two layer PCB
(solid ground plane)

GND 12V GND 5V

Use a solid ground plane.

Components of one zone
should be supplied by only one
supply from a central star
point.

Do not mix the supplies of
different zones.

Supply traces cannot have
loops; use a tree structure
instead.

Multilayer configuration (4 layers)

Keep ground and power supply
layers next to each other. This
provides a good decoupling
capacitor for free.

Avoid slots in ground and
power supply planes (for
example, by routing signal
traces within these planes, vias
in a row, through hole
connectors.

Multilayer configuration
(more than 4 layers)

Route critical signals (for
example, high-frequency
signals, susceptible signals) in
aninner signal layer that is
embedded between two
ground layers.

Give each power supply
domain (forexample, 5V, 3.3V,
and so on) separate power and
ground planes.
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12 Specific PCB design rules for microcontrollers with bridge drivers

Some general recommendations are:
+ Separate the IC supply (VS and VSD) from VDH, that is, separate voltage sense lines from power stages.
« For minimal power dissipation, the recommended package for serial resistor at MON is SMD1206.

+ Placeholder for RC snubber circuit for all bridge MOSFETSs should be considered for damping of circuit
resonances during switching (if needed).

+ For better filter performance and longer life, low-ESR electrolytic capacitors, rated for higher ripple
current, should be used.

«  When a shunt resistor is used, the maximum acceptable capacitance between VDH and SL is 30 uF.
Higher values would affect the current sensing too much.
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12.1 Input filter

The input mtfilter is required for PWM applications. The component values depend on the switching frequency
and motor current (Figure 31).

The best value of filter capacitor C13 is 1/10 of the input capacitor C15, in order to optimize the filter
performance. If an electrolytic capacitor cannot be used for C13 due to reverse polarity requirements, a
ceramic capacitor with a value >10 uF can be used. This capacitor (C17) can be also placed before the circuit
for reverse battery protection.

The choice of the inductor L1 depends on the specific application, where typical parameters to consider are
the input current, ambient temperature, space in the layout, EMC requirements.

The ground connection of C13 should be the common ground star point (use the ground plane).

In order to avoid RF disturbances entering the board from outside, the ceramic capacitor C14 should be placed
as close as possible to the ECU connector.

Cl6is optional and should be used for a floating motor cases, to force the common-mode current back to the
source.

The input capacitor C15 is an alternative when there is not enough space for three single capacitors. A much
better solution are three capacitors placed close to each phase to reduce the loop of the commutation circuit
(C28,C48,C68). The C27 / C47 / C6T ceramic capacitors are filters for high frequency currents.

L1
o~ VDH
VBAT e
—- 31
T1
=_—Ci14 _C17 D6 I
13 < C15
T8
o~ VCP
GND to GND layer é e
L = R12 =
—=c16
R13
I
] opt. to motor
| case
VDH
—==c67 _$_ Ce8 =c47 —T_ c48 =c27 —i_ c28
Figure 31 Input m filter and input capacitor
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12.1.1 GND concept

Ground planes should be placed to keep the power MOSFETS’ switching currents and the IC operating currents
as much as possible separated. Figure 32 shows these currents and the symbols used for their returning
paths.

VDH
o

'—'\/\/\’TJ]—L Reverse-
VDH polarity l—  EMifilter [~
( Charge pump protection
! I W -
x ) Eﬁfg:‘
L { o p—
{ LSx phase X _‘
b PMU Logic J L GLx T_
- SL

~ )

VDDEXT VDDP GND (pin 39)

T ~

Motor

Rsh

~- IC GND

PWM switching currents in purple, IC supplies current in orange

Figure 32 GND concept and main current paths

This solution has two beneficial effects:

+ Thethree main GND pins (19, 28, 39) are not influenced by the PWM currents. Voltage differences in the
internal ground connections of the analog and digital circuitry in the IC will be limited.

+ High-frequency current interactions with the battery ground terminal will be limited.

A practical example is shown in Figure 33. The connection between the PWR GND (mid-top) and IC GND (mid-
bottom) planes consists of a slim trace and a via. This connection ensures the IC's current supply, while
rejecting high-frequency currents that could loop from the IC to the battery.

Consider these guidelines for the GND pin routing:

« Pin 39 should have the most solid connection to the IC GND plane. In the layout example this is
accomplished by taking advantage of the exposed pad solid connection through multiple vias. When this
is not feasible, connect the VDDC capacitor's GND pin to IC GND with as many vias as possible.

+ Pin 19 and 28 can have a weaker connection to IC GND.

To minimize the stray inductance, the loop “input cap - bridge MOSFET - shunt resistor” should be as small as
possible.

A typical conducted EMI spectrum of an application that follows these rules is shown in Figure 34. This
measurement has been performed on the layout example with the motor-running functions turned off to
highlight the spectral contribution of the AC currents generated by the IC.
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Mid-top layer

Figure 33 Example PCB layers
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Figure 34 Conducted EMI measurement spectrum related to the layout example

Application Note

57

Rev. 1.0
2020-10-30



TLE987x/6xX iﬁﬂ@()n |

Hardware Design Guideline

Specific PCB design rules for microcontrollers with bridge drivers

VOH
5 L122 . 4.7uH 1 | o1
> - bt
VAT CMJ. Lcn ‘Lms Lm lcz -
Xaj__100n wuF IwoowEwm -
Vs

GHi R13 10k

c15J_ to GND layer R1

1o0]
1 Opt. to motor case
'

R |cT -
cie C8 ;1000 1
= L | [
220n I 8] cem

100n 2 -
L x32 e b
LN Teun :!l”—z cPzH
cPaL

LN
GND_LIN

37 op1
oP1
opz |-£ QP2
C39_| c40
XTALY %
XTAL2 = —I—:’ I"
CoiL varer |24
<10n a3 C6
—21 61z GND_REF
—=—1 GLi 100n
—U ] s %
voor |40 - J_
2| enp
GND voDG W CSJ- C3A
GND B >
GND voDEXT |4 4 PN }T

TLESE790X esL¥m [=
wOrI

- OF1

Figure 35 Ground concept and bypass capacitors
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12.2 Bypass capacitors

Figure 35 shows the main bypass capacitors used in a typical application. Some comments and
recommendations:

« Unless differently specified, all bypass capacitors, acting as input filter of a pin of the IC, should be placed
as close as possible to the pin itself.

« To minimize RF disturbances, all components around the shunt resistor should be placed as close as
possible to the resistor itself.

« (C37and C38 are optional and they create an additional RC filter to GND. Their selection should be done in
relation with C29, since they influence the dynamic of the signal at the input of the CSA.

« (C39and C40 are placeholders for additional capacitors at OPx. They are required if the distance to the
shunt resistor is higher than ~5 cm, in order to suppress RF disturbances on this node coupled into the
trace behind the Ry, filter.

« C6should only connect VAREF and GND_REF, no external GND connection.

12.3 Layout recommendation for a 3-phase motor bridge

Figure 36 shows the commutation circuit of one bridge leg. This bridge leg can be a part of a 2-phase or
3-phase bridge.

ke ;:‘L
_ - 4|E":-EV o
0 0
Vis +
-
L, a1
. Sl T
0 o
. =1

Figure 36 Layout - one bridge leg with two N-MOSFETSs (as part of a 2-phase or 3-phase motor bridge)

During a switch from the low-side to the high-side, the current is commutating from LS switch to HS switch.
The ideal commutation circuit is a loop consisting of Cy¢, Tys, Tis- The inductive part of the real circuit is
considered in the stray inductance Lo. Overvoltages are induced over Lo during switching. These overvoltages
are coupled directly to Out and to Vs and also cause radiated emissions. The size of the commutation circuit
has to be as small as possible.

Figure 36 shows an example for a low-impedance layout of one motor bridge leg. The capacitors C2,
CS-H, and CS-L are placed as close as possible to the device pins.

Figure 37 shows a recommendation for the commutation circuit of a 3-phase motor bridge.
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Figure 37 Layout recommendation - 3-phase motor bridge
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12.4 Layout recommendation for a current sense shunt

The layout affects the current sensing of the shunt. A low inductive shunt is no guarantee for a low noise
measurement signal. The quality of the signal depends on the layout with trace parasitics:

+ Use a four-wire sense approach with symmetric sense lines.
+ Avoid inductive coupling into the sense wires.
+ Take care of capacitive currents on the leads in presence of high AV/At (common mode noise).

SMD

Error due to voltage
drop across the solder
joints and PCB pads.

Bad

Error due to voltage

Useful [- -] drop across the solder
* joints.

1
-f,::’,‘_ﬂ:: Simulating four-wire
Good B E ] shuntby PCB-
_________ H |S‘)"OL!t {load current free
; 5 3 . sense contacts)

Figure 38 Layout recommendation - current sense shunt
No magnetic current sensing, pseudo-four-wire technique
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